Abstract. Airborne particles have been collected using a dichotomous virtual impactor at three different locations in the eastern part of Botswana: Serowe, Selibe-Phikwe, and Francistown. The particles were separated into two fractions (fine and coarse). Sampling at the three locations was done consecutively during the months of July and August, which are usually dry and stable. The sampling time for each sample was 12 hours during the day. For elemental composition, energy-dispersive x-ray fluorescence technique was used. Correlations and principal component analysis with varimax rotation were used to identify major sources of aerosol particles. In all the three places, soil was found to be the main source of aerosol particles. A copper-nickel mine and smelter at Selibe-Phikwe was found to be not only a source of copper and nickel particles in Selibe-Phikwe but also a source of these particles in far places like Serowe. In Selibe-Phikwe and Francistown, car exhaust was found to be the major source of fine particles of lead and bromine. In all the three sampling places the sampling instrument was placed -1 m above ground level. The sampling site in Serowe was a residential place inside a secondary school yard. The school is in the eastern part of the village and is built close to a small hill (<10 m high). In Selibe-Phikwe the sampling site was in a military camp -1 km from the city center. The site is approximately 300 m from a copper-nickel mine and smelter. In Francistown a residential place inside a secondary school yard was used for sampling. The school is -1 km north of the city center.
In order to have good model predictions of radiative forcing due to particulate matter, characterization of aerosol particles in many different locations is essential. Implementation of appropriate countermeasures against health risks, estimation of local and regional concentrations of aerosol particles, and identification of pollution sources are also issues of importance that call for aerosol characterization.
Characterization of aerosol particles is very important in the Southern
Hemisphere, where only a few measurement data are available [Maenhaut and Akilimali, 1987; Kent et al., 1998 ]. In Botswana (22øS, 24øE), only recently has an attempt to quantify elemental concentrations of aerosol particles been made [Selin Lindgren et al., 1999] . In this paper, trace element concentrations in airborne particulates at three different locations in Botswana are presented, and possible sources are identified. A dichotomous virtual impactor and energy-dispersive x-ray fluorescence (EDXRF) technique were used for sample collection and analysis, respectively. In all the three sampling places the sampling instrument was placed -1 m above ground level. The sampling site in Serowe was a residential place inside a secondary school yard. The school is in the eastern part of the village and is built close to a small hill (<10 m high). In Selibe-Phikwe the sampling site was in a military camp -1 km from the city center. The site is approximately 300 m from a copper-nickel mine and smelter. In Francistown a residential place inside a secondary school yard was used for sampling. The school is -1 km north of the city center.
The sampling instrument is composed of a pump and a dichotomous virtual impactor. The pump, which is fitted with a control module for the total and the coarse particle flow, draws the air through the impactor at a total flow rate of 1 m3/h. Two types of impactors were used in this work. The two impactors differed in both the upper cutoff aerodynamic diameters and the two size ranges into which the impactor segregates particles. The two size ranges will hereafter be referred to as the coarse (c) and fine (f) fraction/particles. In Serowe the size ranges were 3.5-18/•m and <3.5/•m, while in Selibe-Phikwe and Francistown the ranges were 2.5-10/•m and <2.5/•m for coarse and fine fractions, respectively. The two impactors are usually referred to as PM-18 and PM-10 to signify their upper cutoff points. As elaborated on by Foltescu and Selin [1993] 
Detection Limits for EDXRF Analysis of Aerosol Filters
Sensitivity of x-ray spectrometric analysis is usually defined in terms of the minimum detection limit. This is the concentration level above which it is possible to say with reasonable certainty that the element is present. The most widely accepted definition of minimum detection limit is the amount of analyte that gives a net line intensity equal to 3 times the square root of the background intensity for a specified counting time [Bettin, 1975 ]. This gives a confidence level of 99.7%. The detection limits for the EDXRF spectrometer used in this study are shown in Table 1 . Table 2 . Seventeen elements ranging from silicon to lead are shown. Some elements which were below detection limit, but within the range of the analysis, are not shown in the table. Three parameters are shown: mean, median, and interquartile range. The median is given since a few outlier values will have a great effect on the mean while the median values are not influenced by extremes and thus may be a better indication of the typical concentration of the element [Helsel, 1990] . However, the mean concentration during even a short period represents the actual average concentration in the air during that period. Thus, if the concern is to measure deposition of air pollution, then the mean concentration is the appropriate value to use. The interquartile range (IQR) is given to indicate the spread of the values. By definition the IQR is the difference between 75th percentile and the 25th percentile and thus is the range of the central 50% of the data. Like the median, the IQR is not affected by a few outlier values.
Results and Analysis

Means, Medians, and Interquartile Ranges
A summary of the results obtained from the EDXRF analysis is shown in
For most of the elements the mean is greater than the median. This shows that the data contain a few high outliers. Soil-derived elements depict a very high IQR which shows that the values have a large spread. Thus the concentration from one day to another differs markedly. The IQRs for fine particle concentrations of bromine and lead, which are characteristic for exhaust from leaded petrol, for Selibe-Phikwe and Francistown are high compared to those for Serowe. This could be explained by the fact that in SelibePhikwe and Francistown there is more traffic during working days than during weekends while in Serowe, a rural village, traffic is almost the same throughout the week. A large difference in traffic intensity will give a large difference in emissions of lead and bromine, which, in turn, gives a large IQR. For both lead and bromine the fine particles dominate, and there- fore the difference in cutoff points is not expected to be significant.
From Table 2 it can be observed that the Botswana aerosol is a typical arid climate aerosol which is rich in coarse soilderived elements: silicon, iron, titanium, calcium, potassium, manganese, rubidium, and strontium. When comparing concentrations of these elements in Botswana with measurements done in Scandinavia [Foltescu et al., 1994 [Foltescu et al., , 1996 ; S. Chimidza and K. Moloi, unpublished data, 1997], it is evident that the levels of titanium and iron are approximately 50-100 times higher in Botswana, and those of potassium, rubidium, manganese, strontium, and calcium are 10-30 times higher in Botswana. Generally, Selibe-Phikwe shows a higher concentration of soil-derived elements compared to the other two sites. This enhancement can be due to additional soil elements from the copper-nickel ore.
Serowe shows a high fine particle concentration of sulfur even though it is a rural village. The fine particle sulfur concentration in Serowe is more than double the concentrations at the other two places while the coarse particle sulfur concentrations at all the three places are below detection limit. The high concentration in Serowe could be due to Serowe's downwind location with respect to the Morupule coal-powered station and the Selibe-Phikwe copper-nickel mine and smelter. On average, Botswana experiences easterly winds throughout the year [Bhalotra, 1987] . Thus Serowe is subjected to mostly easterly winds which have gone through Morupule or SelibePhikwe. Sulfur is emitted as sulfur dioxide (SO2) and converted to fine particulate sulfate at an approximate rate of one or a few percent per hour [Seinfeld, 1986; Finlayson-Pitts and Pitts, 1986] . Thus one expects to find less particulate sulfate at the source than far away from it, particularly if there is little dispersion of the plume and a constant wind drift carries away the SO2 from the source. The notation BDL means below detection limit; IQR, interquartile ranges. Concentrations are in ng/m 3. 
Time Series of the
Correlations and Factor Analysis
In order to identify the major aerosol sources and to apportion the various elements to these sources, the data were subjected to correlations and principal component analysis (PCA) [StarSoft, 1994] with varimax rotation. The correlations of a few selected elements with respective factors are shown in Table 3 . It is worth noting that the elements which are highly correlated to the same factor are, in turn, highly correlated to each other. Factors are arranged such that the source attributed to the factor is the same irrespective of the place. For Serowe and Francistown the factors shown represent -73% of the analyzed element fractions, while for Selibe-Phikwe, approximately 83% are represented. With a very few exceptions in Francistown, the first factor consists of coarse particles. For this reason, the factor is attributed to soil. Coarse particles are composed mainly of mechanically generated particles and resuspended soil particles [Hinds, 1982] . Furthermore, the factor comprises elements for which the main source is known to be soil (Si(c), Fe(c), Ca(c), K(c), and Rb(c)). At each of the three places this factor comprises the largest percentage of the element fractions apportioned to the different factors (68%, 50%, and 44% for Francistown, Serowe, and Selibe-Phikwe, respectively). Factor 5 is only represented at Serowe, and it consists of Cl(c), Cl(f), and Br(c). The major contributor of these elements is usually sea salt. However, with Serowe being very far from the sea it is quite unlikely that the source of Cl(c) and Br(c) is sea salt. One other possible source which is known to contain chlorine and bromine is coal [Davidson, 1996; Harrison and Sturges, 1983 ]. This source is also unlikely since coal usually contains an appreciable amount of sulfur and sulfur is not correlated to factor 5. Although biomass burning is known to emit halogen-containing compounds [Seinfeld and Pandis, 1998; Lobeft et al., 1999] , it is difficult to attribute the factor to biomass burning as no lucid fingerprints for biomass burning are contained in this factor. It is concluded that the source for this factor is not known.
Comparison With Measurements Made During 1997
In Table 4 the measurements from the present campaign are compared with the previous measurements made in 1997 [Selin Lindgren et al., 1999] . The values shown in Table 4 are the sum of median concentrations (coarse plus fine). It is noteworthy that the EDXRF spectrometer used in 1997 had higher detection limits than the one used in the present measurement. This is the main reason why it was then not possible to detect vanadium and chromium. Overall it can be seen that the Using factor and regression analysis, natural and anthropogenic sources of aerosol particles at the three locations have been identified. As an example, it can be mentioned that the copper-nickel mine and smelter in Selibe-Phikwe has an impact in the air quality of both Selibe-Phikwe and Serowe, located -150 km away. This is demonstrated by raised con- 
No factor in this measurement
has been attributed to biomass burning despite the fact that biomass burning is common in developing countries. This is most probably attributable to the restriction in sampling time. In Botswana, fires are more prevalent in the mornings and evenings when most of the cooking and space heating are done. Since the samples were only collected during the day, when biomass burning is minimal, the contribution of biomass burning to the aerosol particles in Botswana is not apparent. There is therefore need for more studies including biomass emissions. This is even more important considering the fact that black carbon from biomass burning plays an important role in attenuation of solar radiation. Measurement of black carbon size-segregated aerosol would be a valuable asset in climate modeling. The levels of fine particulate lead and sulfur are high in spite of the relative low level of industrialization. There is therefore need for more strict air pollution control before Botswana becomes heavily industrialized. Notwithstanding the government effort to encourage use of unleaded petrol throughout the whole country, a more stringent policy aimed at total extermination of use of leaded petrol in the not distant future should be worked out. This would help in reducing levels of fine particulate lead. While the measurements discussed in this work covered only two months, it is believed that they give an estimate of the concentration levels found at the three locations. Since the measurements were made during a dry period characterized by low wind speeds, it is possible that the mean concentrations calculated from measurements made during a whole year are smaller than the quoted mean concentrations. Nonetheless, since the measurements were done during a period with the most common type of weather in Botswana, the deviation from the quoted means and medians is not expected to be large.
